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ABSTRACT Staphylococcus aureus thymidine-dependent small-colony variants (TD-SCVs) are frequently isolated from patients 
with chronic S. aureus infections after long-term treatment with trimethoprim- sulfamethoxazole (TMP-SMX). While it has 
been shown that TD-SCVs were associated with mutations in thymidylate synthase (TS; thyA), the impact of such mutations on 
protein function is lacking. In this study, we showed that mutations in thyA were leading to inactivity of TS proteins, and TS in- 
activity led to tremendous impact on S. aureus physiology and virulence. Whole DNA microarray analysis of the constructed 
A.thyA mutant identified severe alterations compared to the wild type. Important virulence regulators {agr, arlRS, sarA) and ma- 
jor virulence determinants (hla, hlh, sspAB, and geh) were downregulated, while genes important for colonization (fnbA, fnbB, 
spa, clfB, sdrC, and sdrD) were upregulated. The expression of genes involved in pyrimidine and purine metabolism and nucleo- 
tide interconversion changed significantly. NupC was identified as a major nucleoside transporter, which supported growth of 
the mutant during TMP-SMX exposure by uptake of extracellular thymidine. The \thyA mutant was strongly attenuated in viru- 
lence models, including a Caenorhabditis elegans killing model and an acute pneumonia mouse model. This study identified 
inactivation of TS as the molecular basis of clinical TD-SCV and showed that thyA activity has a major role for S. aureus viru- 
lence and physiology. 

IMPORTANCE Thymidine-dependent small-colony variants (TD-SCVs) of Staphylococcus aureus carry mutations in the thymidy- 
late synthase (TS) gene (thyA) responsible for de novo synthesis of thymidylate, which is essential for DNA synthesis. TD-SCVs 
have been isolated from patients treated for long periods with trimethoprim-sulfamethoxazole (TMP-SMX) and are associated 
with chronic and recurrent infections. In the era of community-associated methiciUin-resistant S. aureus, the therapeutic use of 
TMP-SMX is increasing. Today, the emergence of TD-SCVs is still underestimated due to misidentification in the diagnostic lab- 
oratory. This study showed for the first time that mutational inactivation of TS is the molecular basis for the TD-SCV phenotype 
and that TS inactivation has a strong impact on S. aureus virulence and physiology. Our study helps to understand the cUnical 
nature of TD-SCVs, which emerge frequently once patients are treated with TMP-SMX. 
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Staphylococcus aureus is a major human pathogen that causes a 
variety of community- acquired and nosocomial diseases rang- 
ing from mild infections, such as skin and soft tissue infections, to 
life-threatening infections, such as endocarditis, pneumonia, os- 
teomyelitis, and sepsis (1, 2). The emergence of antibiotic- 
resistant strains (e.g., methicillin [MRSA]- and vancomycin 
[VRSA] -resistant S. aureus) and especially the rise of community- 
acquired MRSA (CA-MRSA) and livestock-associated MRSA 
(LA-MRSA) in the healthy population pose major challenges for 



the treatment of S. aureus infections (3, 4). In contrast to acute 
life-threatening infections, S. aureus can also cause highly persis- 
tent recurrent infections despite appropriate antibiotic treatment 
and susceptibility of the pathogen (5). Such persistent S. aureus 
infections have been associated with a specialized phenotype of 
S. aureus, the smaU-colony variants (SCVs) (6-8). Due to their 
phenotypical characteristics, including slow growth, changed me- 
tabolism, and altered expression of virulence factors, SCVs are 
optimized for long-term persistence and survival within eukary- 
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TABLE 1 Pheno- and genotypical characterization of clinical TD-SCVs and normal strains'* 
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" Only nonsynonomous mutations of thy A are shown, which cause changes in the amino acid sequence of TS. 

Allele 1: at nucleotide position 300A; at aa position lOOLys. 
^Allele 2: at nucleotide position 300C; at aa position lOOAsn. 

NP, native purification not possible; ND, not done, only thyA sequenced; aa, amino acid; WT, wild type. 

PM, point mutation. 



Otic cells, where they are protected against antibiotic therapy and 
host defense (6, 7, 9-1 1 ) . The molecular basis for the formation of 
some chnical SCVs has been elucidated (12). Many chnical S. au- 
reus SCVs have been characterized to be deficient in electron 
transport (hemin and menadione dependent) (13-15) or to be 
thymidine dependent (16-18). Also, defects in the stringent stress 
response with mutations in relA have been reported (19), and 
phenotype-specific small nonprotein coding RNAs have been de- 
scribed (20). Staphylococcal SCVs have been characterized as a 
less aggressive and less virulent phenotype with increased cellular 
adhesion, invasion, and intracellular persistence capacity in cell 
culture experiments and in animal studies (13, 21). However, 
most clinical SCV phenotypes are not stable and easily revert back 
to the normal phenotype (22, 23). 

Thymidine-dependent SCVs (TD-SCVs) have been recovered 
from patients with chronic infections, such as soft tissue infection, 
bronchitis, peritonitis, and septicemia, and in particular with high 
prevalence from the airways of cystic fibrosis (CF) patients, often 
in combination with an isogenic normal phenotype, if the patients 
were treated with trimethoprim-sulfamethoxazole (TMP-SMX) 
for extended periods (7, 24, 25). Just recently, it has been shown by 
Wolter et al. that SCVs were frequently detected in children with 
CF (24%) and that most of these SCVs (95%) were TD-SCVs. 
Moreover, the occurrence of TD-SCVs was significantly associ- 
ated with a worse respiratory function in these children, indicating 
an important role of TD-SCVs in the pathogenesis of CF lung 
disease (18). Clinical S. aureus TD-SCVs have been characterized 
by gross morphological changes, impaired cell separation, and 
altered transcription patterns for several genes, including impor- 
tant metabolism and virulence genes as well as virulence regula- 
tors (26-28). TD-SCVs grow unaffected in the presence of TMP- 
SMX if extracellular thymidine is available, which is present in 
purulent airway secretions and infected tissues (29). 

TMP-SMX affects the folate pathway by competitive inhibition 
of dihydropteroate synthase and dihydrofolate reductase, two 



proteins involved in the synthesis and conversion of tetrahydro- 
folic acid (THF), which acts as a cofactor for thymidylate synthase 
(TS; thyA). TS is essential for de novo thymidylate biosynthesis (16, 
17) and therefore required for DNA synthesis and bacterial repli- 
cation. We and others have shown that thymidine dependency of 
S. aureus SCVs is most probably caused by mutations in thyA (16, 
17). Until now, all so-far-characterized clinical TD-SCVs carried 
nonsynonymous mutations in thyA. However, functional analysis 
of TS and experimental proof of the association of TMP-SMX to 
these mutations are still lacking. 

In the present work, we showed for the first time that TS pro- 
teins of clinical TD-SCVs are inactive due to various mutations in 
thyA. Site-directed mutants constructed in S. aureus SHIOOO and 
S. aureus JE2 (USA300 background) were strongly altered in mor- 
phology and physiology and were significantly attenuated in vir- 
ulence. We identified NupC as the major transporter of S. aureus 
for uptake of thymidine into the cell. thyA deletion was associated 
with decreased virulence in vivo using both an acute mouse pneu- 
monia model and a Caenorhabditis elegans virulence assay. 

RESULTS 

Clinical TD-SCVs lack thymidylate synthase activity. thyA is a 
highly conserved gene in all species and plays a central role in the 
de novo DNA synthesis (30). In S. aureus, thyA occurs only in two 
different alleles characterized by A to C exchange at nucleotide 
position 300, coding either for lysine (as in S. aureus strains COL 
and 8325-4) or asparagine (as in S. aureus strains MW2 and 
MU50) at amino acid position 100 in 77 online-available thyA 
sequences of S. aureus genomes (data not shown). To assess the 
impact of thyA mutations on the activity of the mature protein, we 
studied 7 clinical strain pairs comprising S. aureus TD-SCVs and 
their isogenic normal phenotypes, which were isolated in parallel 
from the airways of individual CF patients, who were persistently 
colonized and infected by S. aureus for several years (7). First, we 
sequenced thyA of these clinical strain pairs to confirm mutations 
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FIG 1 Characteristics and phenotypes of S. aureus SHIOOO wild type, AthyA mutant, and complemented mutant. Phenotypes of the wild-type strain SHIOOO 
(A), the AthyA mutant (B), and the complemented mutant (C) are shown on Columbia blood agar (row I). Susceptibility testing for TMP-SMX was performed 
on Columbia blood agar (row II). Light microscopy (row III) and transmission electron microscopy (row IV) revealed the typical features of the respective strains. 



(Table 1). Next, we amplified thyA of these strains, cloned the 
genes into the expression vector pQE30-Xa, transformed Esche- 
richia coli with this vector, and expressed and purified the proteins 
(data not shown). Native isolation of mutated proteins was possi- 
ble for full-length proteins, whereas native isolation of short trun- 
cated proteins failed (Table 1 ) . We performed a spectrophotomet- 
ric thymidylate synthase (TS) activity assay (31) with TS of all 
purified proteins, including TS of S. aureus 8325-4 and MU50 as a 
control. In the TS assay, mutated proteins of TD-SCVs did not 
show any TS activity, while TS of all normal S. aureus strains re- 
vealed activities comparable to the control strains 8325-4 and 
MU50 (Table 1). 

AthyA mutants exhibited typical features of clinical TD- 
SCVs. To study the impact of thyA inactivation in detail, we con- 



structed site-directed AthyA deletion mutants in the well- 
characterized S. aureus strain SHIOOO (32) and in S. aureus JE2 
(belonging to the clinically important USA300 background), in 
which thyA was replaced by the erythromycin resistance cassette 
ermB. The SHIOOO AthyA mutant was not able to grow in or on 
thymidine-free media (Mueller-Hinton [MH] agar and/or 
thymidine-free chemical-defined medium [CDM] ) and displayed 
small, nonpigmented, nonhemolytic colonies on Columbia blood 
agar compared to those of the wild type and the complemented 
mutant (Fig. 1 A-C, row I). Also, pleomorphic cocci in Gram stain- 
ing and enlarged cocci with incomplete or multiple cross walls in 
transmission electron microscopy (TEM) were visible in the mu- 
tant (Fig. IB, row III-IV), in contrast to homogeneous cocci of the 
wild type with regular cross walls in TEM (Fig. lA, row III-IV). In 



July/August 2014 Volumes Issue 4 e01447-14 



mfiio' mbio.asm.org 3 



Kriegeskorte et al. 



the complemented mutant, which expressed wild-type thyA con- 
stitutively on a plasmid, all these features were restored, leading to 
the wild-type phenotype (Fig. IC, row I-IV). Standard suscepti- 
bility testing [E test, agar diffusion) according to CLSI guidelines 
(33) could not be performed on MH agar due to the lack of thy- 
midine and consequently no growth of the mutant. Therefore, 
Columbia blood agar was used, on which TMP-SMX did not in- 
hibit the growth of the \thyA mutant, whereas the wild type and 
the complemented mutant showed clear inhibition zones around 
the disks, although within the inhibition zone tiny SCV-like col- 
onies appeared (Fig. 1, row II). Applying CLSI guidelines for sus- 
ceptibility testing, the mutant has to be considered resistant, 
whereas the wild type and the complemented mutant have to be 
considered susceptible, although all strains showed similar tiny 
colonies around the disk on Columbia blood agar. Tested on MH 
agar, the wild type and complemented mutant were TMP-SMX 
susceptible (MIC of 0.064 /J-g/ml for both strains). All the de- 
scribed features of the SHIOOO AthyA mutant and the comple- 
mented mutant were also obtained with the JE2 AthyA mutant 
(data not shown). 

thyA inactivation caused dramatic changes in growth charac- 
teristics apparent after 10 h of incubation in brain heart infusion 
(BHI) broth, revealing an extended lag phase which was about 3 to 
4 h longer than that for the wild type and a significantly reduced 
final cell density (Fig. 2a). Thus, the generation time of the AthyA 
mutant (98.5 min) during exponential growth phase was about 
four times longer than that of the wild type (25.2 min). Comple- 
mentation with an intact thyA (generation time of 30.8 min) and 
supplementation with thymidine (generation time of 30.7 min) 
restored the growth defects of the AthyA mutant almost to wild- 
type levels. 

Based on Gram stainings (Fig. 1, row III) and verified by TEM 
(Fig. 1, row IV), cocci of the mutant were markedly enlarged com- 
pared to those of the wild-type strain and ranged from 0.7 to 
2.3 ju,m in diameter, with a median diameter of 1.2 fjbm, corre- 
sponding to approximately 3 times the volume of the wild-type 
cocci, which ranged from 0.6 to 1.2 ju,m, with a median of 0.8 jjum 
(Fig. 2b). The size of the complemented mutant cocci (0.5 to 
1.3 fjivn, median of 0.8 ju-m) and the AthyA mutant cocci grown in 
thymidine-rich medium (0.5 to 1.3 jxm, median of 0.9 jxm) nearly 
returned to the size of the wild-type cocci (Fig. 2b). 

Transcriptional analysis of the AthyA mutant revealed dra- 
matic effects on S. aureus global regulation, metabolism, viru- 
lence, and stress response. To investigate the molecular effects of 
thyA mutations on S. aureus physiology, the SHIOOO AthyA mu- 
tant and the corresponding wild-type strain were subjected to 
whole-genome transcriptional analysis using DNA microarray 
technology (34). Using stringent statistical filters (fold change of 
±2.5 and P value of <0.05), we identified 50, 793, and 647 genes to 
be significantly regulated at the early exponential, late exponen- 
tial, and stationary phase of growth, respectively. The most differ- 
ences became apparent at late exponential phase of growth, in 
which 490 genes were upregulated, while 303 genes were down- 
regulated (Fig. 3 and Table 2; see also Table SI in the supplemental 
material). 

The array data indicated large differences in global S. aureus 
regulatory systems, such as the agr (35) and arlRS regulons (36), 
both members of two-component signal transduction systems, 
the sarA family of global regulators (37), as well as s!^B-dependent 
regulatory pathways (38), which have been described to be the 



major determinants of virulence factor regulation in S. aureus. 
The AthyA mutant showed strong downregulation of aU compo- 
nents of the major quorum-sensing system {agr), which activates 
gene expression of extracellular proteins, while it represses the 
synthesis of cell waU-associated proteins (39). The genes agrA to 
agrD as well as the major effector molecule RNAIII (hid) were 
strongly downregulated, indicating inactivity of this system (see 
Table SI). Accordingly, the genes of the cell wall- associated pro- 
teins, including fibronectin-binding proteins A and B (fnbA/B), 
coagulase (coa), protein A (spa), clumping factor B (clfB), Sdr 
proteins (sdrC, sdrD), and Sas proteins {sasG, sasH, sasA, sasD) 
(40, 41), which have been implicated in the colonization capacity 
of S. aureus, were upregulated, whereas genes of secreted proteins 
such as alpha-toxin (hla), j3-toxin (Mb), serine protease (sspA), 
and cysteine protease (sspB), as well as the gene encoding lipase 
(geh), were downregulated (see Table SI). 

arlRS, which together with agr regulates capsule expression 

(42) , was also less transcribed in the mutant, which is in line with 
downregulation of the entire capsule cluster (see Table SI). Fur- 
thermore, arlRS also regulates genes involved in autolysis, cell 
growth, and virulence (36) and has been shown to positively reg- 
ulate lytRS, a regulator involved in cell growth and cell division 

(43) . However, in the AthyA mutant, lytR was upregulated, indi- 
cating regulation independent of arlRS. Consistent with this, we 
found the /ytRS-dependent genes IrgA/B and lytM upregulated in 
the AthyA mutant. Since IrgA and IrgB inhibit murein hydrolase 
activity (44), increased transcription of these genes together with 
decreased transcription of arlRS could contribute to the impaired 
cell division in the mutant. In addition and corresponding to the 
morphological picture of the mutant, genes involved in cell wall 
growth and division were differentially regulated. isaA and sceD, 
both described as putative lytic transglycosylases, were upregu- 
lated (45), while atl, a peptidoglycan hydrolase (46), was down- 
regulated in the AthyA mutant compared to in the wild-type strain 
(see Table SI). 

Five members of the marR family transcriptional regulators 
were found to be differentially regulated in the AthyA mutant. 
sarS, sarT, sarV, and sarX were upregulated, while sarA was down- 
regulated (47-50). This observed pattern is consistent with the 
literature, where sarA has been described to repress sarS, sarT, and 
sarV (51). All these regulators modulate staphylococcal virulence 
genes directly and/or indirectly. 

Another characteristic of clinical TD-SCVs and of the AthyA 
mutant is a decreased pigmentation compared to that of the wild 
type. In line with this phenotype, the genes crtN/M, which are 
involved in carotenoid biosynthesis, were downregulated in the 
mutant (52). 

As de novo thymidylate synthesis is blocked in the AthyA mu- 
tant, we expected major differences in the pyrimidine/purine met- 
abolic pathways compared to those of the wild-type strain. AU 
genes involved in the anabolic pathway of thymidylate, including 
carA, carB, pyrB, pyrC, pyrD, pyrE, pyrF pyrG, nrd, ndk, and tmk, 
were particularly upregulated, which indicates a possible lack of 
end product repression and an attempt of the cell to compensate 
thymidylate starvation by increased synthesis of precursors (Ta- 
ble 2, Fig. 4). 

In line with this, we observed a strong upregulation of genes 
involved in uptake and conversion of uracil, a precursor of thymi- 
dine. Transcription of uraA, encoding a uracil permease, deoDl, 
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FIG 2 Growth phase analysis and cocci size of SHIOOO wild type, AthyA mutant, and complemented mutant, (a) Growth phase analysis. The strains were 
cultured at 37°C in BHI at 160 rpm in baffled flasks (50 ml cultures in 500-ml flasks). Samples were taken every hour to determine the optical density. For the 
mutant, growth analysis was also performed in BHI supplemented with 100 /J-g/ml thymidine. •, SHIOOO, WT; ▲, \thyA-C, complemented mutant; ■, \thyA 
mutant and thymidine; ♦ , \thyA mutant. RNA isolation time points for DNA microarray analysis are indicated by black arrows, (b) Size of individual cocci. Five 
hundred cocci for every phenotype were measured after Gram staining by light microscopy of overnight cultures in BHI and for the mutant also in BHI 
supplemented with 100 /J,g/ml thymidine. •, SHIOOO, WT; ▲, Af/iyA-C, complemented mutant; ■, ArfiyA mutant and thymidine; ♦ , t^thyA mutant. 



encoding a purine nucleoside phosphorylase, and udk, a uridine 
kinase, was upregulated in the mutant (Table 2, Fig. 4). 

Additionally, we noticed that genes involved in DNA mis- 
match repair, stress, and SOS response were differentially regu- 
lated in the AthyA mutant compared to in the wild type, most 
likely due to thymidylate starvation. The mismatch repair-related 
genes xseA and xseB, encoding exodeoxyribonuclease VII small 
and large subunits, pcrA, an ATP-dependent DNA helicase, and 
recj, a single-stranded-DNA-specific exonuclease, were upregu- 
lated in the mutant. In addition, the sbcCD locus (53), which was 
described to not only be involved in repression of capsule produc- 
tion (also shown in the AthyA mutant) but also function as part of 



the SOS response in S. aureus, was upregulated. Consistently, the 
stress response-related chaperone genes groEL and groES were up- 
regulated (54). 

To verify the microarray results and to investigate a subset of 
genes found to be regulated in the AthyA mutant in detail under 
different conditions, we performed quantitative real-time PCRs 
(qRT-PCR). We analyzed the expression of nupC, carA,pyrB,purl, 
and hid in JE2 (USA300 wild type), JE2 AthyA mutant, JE2 
AthyA-C mutant (complemented mutant), and JE2 AthyA-C^^^^fy 
mutant (empty control vector) under four different conditions, 
including BHI, BHI with thymidine, BHI with TMP-SMX, and 
BHI with thymidine and TMP-SMX (Fig. 5 and 8b). In line with 
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FIG 3 Differentially regulated genes in SHIOOO compared to AthyA SHIOOO. Transcriptional changes were grouped according to the comprehensive microbial 
resource (CMR) database of the Craig Venter Institute (CVI). Statistical filters (fold change of ±2.5 and P value of <0.05). Transcriptional changes between 
SH 1000 wild type and AthyA SHI 000 at late exponential phase of growth were analyzed. Red bars indicate downregulation of genes (a total of 303 ) , and green bars 
indicate upregulation of genes (a total of 490) in the AthyA mutant. 



the microarray results, we found upregulation of nupC, car A, and 
pyr'R and downregulation of purL in the AthyA mutant. Similar 
expression patterns were found in the wild type and the comple- 
mented mutant under TMP-SMX challenge, indicating the induc- 
tion of the SCV phenotype. The addition of thymidine restored 
the expression levels of all investigated genes almost back to wild- 
type level (Fig. 5 and 8b). 

nupC is responsible for uptake of extracellular thymidine. 
Three putative nucleoside transporters were identified in the 
S. aureus genomes (SACOL0310/0566/0701) (55). Although the 
function as nucleoside transporters has not been proven experi- 
mentally for S. aureus, we assumed that SACOL0566 functions as 
the primary pyrimidine transporter in S. aureus due to its high 
homology to nupC from Bacillus subtilis (55). In the microarray 
analysis, there was a strong upregulation of SACOL0566 (nupC), 
while the SACOL0310 and SACOL0701 genes were unaffected. 

To confirm the biological function of nupC as a pyrimidine 
transporter, which is responsible for the uptake of extracellular 
thymidine, we tested a nupC mutant for its ability to use external 
thymidine for growth under TMP-SMX challenge (56). As ex- 
pected, the wild-type strain was able to use external thymidine in a 
disk diffusion experiment, revealing tiny SCV-like colonies 
around the TMP-SMX disk (Fig. 6a). In contrast, the tmpC mu- 
tant did not take up external thymidine and was not able to grow 
around the disk, revealing a clear inhibition zone (Fig. 6b). These 
results corroborated our hypothesis that nupC is the major trans- 
porter for external thymidine and that this transporter is required 
to bypass the effects of TMP-SMX upon de novo thymidylate bio- 
synthesis in S. aureus. 



S. aureus thyA inactivation caused an attenuated virulence 
in vivo. To study the virulence of the SHIOOO A.thyA mutant com- 
pared to that of its corresponding wild-type strain and its comple- 
mented mutant, we used two different infection models. In the 
Caenorhabditis elegans killing model, most worms were killed by 
the wild type and the complemented mutant after 48 h, while the 
mutant was significantly attenuated and did not kill the worms 
(Fig. 7a). 

Furthermore, in an acute murine pneumonia model, mice in- 
fected with the wild-type strain were killed within 12 h after chal- 
lenge, while the survival rate of mice infected with the mutant was 
significantly longer, with mice killed 84 h postinfection (Fig. 7b). 
Mice infected with the complemented mutant showed an inter- 
mediate survival of 48 h. After 4 h of challenge, histology of the 
infected lungs revealed that mice infected with the AthyA mutant 
(Fig. 7c) exhibited less severe lesions, hemorrhagic patches, and 
leukocyte infiltration than mice infected with the wild type and the 
complemented mutant. After 24 h of survival, the histopathology 
of the tissue infected with the AthyA mutant was less severely 
affected compared to the tissue infected with the complemented 
mutant. Immunofluorescence staining revealed that S. aureus was 
localized mainly in the alveolar septa as single cells for the AthyA 
mutant compared to the complemented mutant (Fig. 7c, panel J), 
where numerous stained bacteria were visible. 

To corroborate the results of the in vivo animal models, we 
performed an in vitro cytotoxicity assay. Furthermore, we investi- 
gated also the impact of different medium composition on the 
virulence phenotype of S. aureus JE2, JE2 AthyA mutant, JE2 
AthyA-C mutant, and JE2 AthyA-C^„,p,y mutant. Lactate dehydro- 
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TABLE 2 Genes of the purine and pyrimidine metabolism found to be differentially regulated in the \thyA mutant compared to SHIOOO 

Fold change {AthyA mutant 
versus wild type)" 



Regulation in Late 

the AthyA Gene exponential Stationary 

mutant Gene ID name Gene annotation phase phase Category 



Downregulated SACOL1078 


purL 


Phosphoribosylformylglycinamidine 


-23.95 




Purine ribonucleotide 






synthase II 






biosynthesis 


SACOL1079 


purF 


Amidophosphoribosyltransferase 


-20.85 






SACOL1080 


purM 


Phosphoribosylformylglycinamidine 


-20.73 










cyclo-ligase 








SACOL1082 


purH 


Phosphoribosylaminoimidazolecarboxamide 


-11.94 










formyltransferase/IMP cyclohydrolase 








SACOL1083 


purD 


Phosphoribosylamine — glycine ligase 


-10.95 






SACOL1081 


purN 


Phosphoribosylglycinamide 


-17.54 










formyltransferase 








Upregulated SACOL0461 


guaA 


GMP synthase 




2.57 


Purine ribonucleotide 












biosynthesis 


SACOL1212 


pyrB 


Aspartate carbamoyltransferase 


10.77 


19.03 


Pyrimidine 












ribonucleotide 












biosynthesis 


SACOL1213 


pyrC 


Dihydro-orotase 


9.08 


15.02 




SACOL1214 


carA 


Carbamoyl-phosphate synthase, small 


10.34 


15.06 








subunit 








SACOL1215 


carB 


Carbamoyl-phosphate synthase, large 


9.75 


11.63 








subunit 








SACOL1216 


pyrF 


Orotidine 5-phosphate decarboxylase 


8.06 


7.74 




SACOL1217 


pyrE 


Orotate phosphoribosyltransferase 


9.70 


7.65 




SACOL2119 


pyrG 


CTP synthase 


12.31 


6.20 




SACOL2606 


pyrD 


Dihydroorotate dehydrogenase 


8.73 


11.92 




SACOL0524 


ttnk 


Thymidylate kinase 


3.30 




Nucleotide and 












nucleoside 












interconversions 


SACOL0603 




Deoxynucleoside kinase family protein 


7.46 






SACOL0604 




Deoxynucleoside kinase family protein 


6.68 






SACOL1277 


pyrH 


Uridylate kinase 


4.84 






SACOL1509 


ndk 


Nucleoside diphosphate kinase 


3.77 






SACOL1518 


cmk 


Cytidylate kinase 


2.96 


2.80 




SACOL2111 


tdk 


Thymidine kinase 


4.75 


3.29 




SACOL0566 


nupC 


Nucleoside permease NupC 


6.88 


5.14 


Nucleosides, purines. 












and pyrimidines 


SACOL1211 


uraA 


UracU permease 


16.43 


17.81 





" All values shown were filtered to be statistically significant with P values of <0.05 and regulated ±2.5. 



genase (LDH) release experiments with respiratory epithelial cells 
(A549) using culture supernatants (SN) of the strains revealed, as 
expected, a high cytotoxic effect of the wild-type SN after growth 
in BHI and in BHI with thymidine, while challenge of TMP-SMX 
significantly decreased cytotoxicity (Fig. 8a). The addition of thy- 
midine almost restored the cytotoxicity in the wild type chal- 
lenged with TMP-SMX. The same results were obtained with the 
complemented mutant (Fig. 8a). Both mutants, the JE2 AthyA 
mutant and the JE2 AthyA-C^^p^^ mutant complemented with an 
empty vector, were significantly attenuated in BHI. However, cy- 
totoxicity was restored in both mutants if thymidine was added to 
the medium with and without TMP-SMX challenge (Fig. 8a). 
Corresponding to the reduced cytotoxicity of the AthyA mutant 
and the wild type under TMP-SMX challenge, hid expression was 
found to be significantly reduced (Fig. 8b). 

DISCUSSION 

For more than a decade, it has been shown that the emergence of 
S. aureus TD-SCVs is associated with prolonged TMP-SMX treat- 



ment (7, 18, 25). Mutations in thyA were identified as a possible 
cause of the TD-SCV phenotype, but a functional proof was lack- 
ing. In this study, we tested for the first time the impact of muta- 
tions in thyA of clinical TD-SCVs and isogenic normal strains 
upon the activity of the protein. Until now, all clinical TD-SCVs 
carried nonsynonymous mutations in thyA (16, 17). TS activity 
experiments revealed full activity for TS of all normal strains in- 
dependent of nonsynonymous point mutations, while TS of all 
TD-SCVs were found to be inactive, proving that these mutations 
are responsible for the thymidine-deficient phenotype. 

To investigate the impact of TS inactivity on S. aureus physiol- 
ogy in detail, we constructed thyA deletion mutants using both the 
well-described and widely used laboratory strain SHIOOO and the 
clinically relevant strain JE2 (USA300 background) (57). The site- 
directed mutants exhibited the typical morphological phenotype 
of clinical TD-SCVs (27). Morphological changes of S. aureus by 
antifolate drugs were already described in 1987 by Nishino et al. 
(58). These authors described enlarged cells with several division 
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FIG 4 S. aureus pyrimidine metabolic pathway and the transcriptional activities of respective genes in the AthyA mutant. Upregulated genes are labeled in green, 
while unregulated genes are labeled in black. (I) Pyrimidine ribonucleotide biosynthesis pathway; (II) salvage pathways of nucleotides; (III) external sources of 
nucleosides. Gene identifier and gene names were reported according to S. aureus COL, accession number NC_002951. 



planes after treatment with bacteriostatic concentrations of trim- 
ethoprim. However, the authors did not culture the strains and 
therefore did not observe the SCV phenotype. 

Using a whole-genome microarray comparing the wild type to 
the AthyA mutant, we showed that thyA inactivation had drastic 
effects upon S. aureus physiology. Specifically, we found down- 
regulation of important virulence regulators (agrA-D, hid, arlRS, 
and sarA) and genes (capA-P, hla, Mb, sspA, crtNM, and geh) and 
upregulation of genes important for colonization and invasion 
(fnbAB, spa, coa, sdrCD, and sasADGH) (26). Many of these viru- 
lence factors are important for the acute virulence of S. aureus, 
such as hemolysins, which cause cytotoxicity and activation of 
inflammatory responses (59). In line with this transcriptional pat- 
tern, the AthyA mutant was significantly attenuated in virulence in 
vivo using a C. elegans killing model and an acute murine pneu- 
monia model. Furthermore, we showed that both inactivation of 
thyA and TMP-SMX challenge of wild-type strains led to similar 
phenotypes regarding gene regulation and virulence. Although 
TD-SCVs are less virulent as the normal S. aureus phenotype in 
such acute infection models, the emergence of TD-SCVs could be 
disadvantageous for the course of the disease, as indicated by the 
study by Wolter et al., who showed that the occurrence of TD- 
SCVs was associated with worse lung disease in children with CF 
(18). Moreover, TD-SCVs have been shown to hide intraceUularly 
and are thereby protected against host defense and antibiotic ther- 
apy (7, 8, 22). 

In addition to changed expression of virulence genes in the 
AthyA mutant, we found major differences in the pyrimidine and 
purine biosynthetic pathways. While almost all genes involved in 
de novo synthesis of pyrimidines (e.g., thymidylate) were upregu- 
lated, genes of the purine pathways were downregulated. Such 
results indicate that these pathways are tightly regulated and bal- 
anced in the cell. Further studies are warranted to investigate the 



mechanisms of nucleotide regulation in S. aureus, e.g., decipher- 
ing the role of end product repression in these pathways. 

For the first time, we showed that NupC functions as the pri- 
mary thymidine transporter in S. aureus, if de novo thymidylate 
synthesis was blocked. By challenging an nupC mutant with TMP- 
SMX, no colonies of the mutant were detected around the TMP- 
SMX disk on Columbia blood agar, while for the wild type, tiny 
colonies were observed. This indicated that without the trans- 
porter NupC, thymidine cannot be taken up from the extracellular 
environment into the bacterial cell. Therefore, the TMP-SMX- 
inhibited thymidylate de novo synthesis could not be compensated 
by extracellular uptake of thymidine from the environment. The 
important function of NupC for uptake of extracellular thymidine 
was also evident in transcriptional analyses. We found significant 
upregulation of nupC in the AthyA mutant as well as in the wild 
type during TMP-SMX challenge. Therefore, nupC could be a 
possible target for the development of novel therapeutic com- 
pounds, which in combination with TMP-SMX may improve the 
antibiotic effect of TMP-SMX, especially in cases where extracel- 
lular thymidine is available. 

The development of SCV phenotypes seems to be a common 
theme in S. aureus to adapt to different selective environments, 
e.g., antibacterial substances, host defense, or bacterial interfer- 
ence. In line with this, Hoffman et al. recently reported the selec- 
tion of SCVs during growth in the presence of Pseudomonas 
aeruginosa caused by an antistaphylococcal substance (4- 
hydroxy-2-heptylquinoline-N'-oxide) inhibiting the respiration 
of S. aureus (60). The selected hemin- and menadione-dependent 
SCVs were resistant against aminoglycosides. Furthermore, pyo- 
cyanin, an exotoxin secreted by P. aeruginosa, also acts upon the 
electron transport chain of S. aureus as reported by Biswas et al. 
(61), thereby also leading to the selection of SCVs. In the study by 
Gao et al, the occurrence of SCVs in a patient with bacteremia was 
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FIG 5 Transcriptional analysis of nupC, carA,pyrB, and purL under different conditions. Wild type (JE2), \thyA mutant (JE2 \thyA mutant), \thyA-C mutant 
(JE2 /^thyA pNXR thyA complemented mutant), and \thyA-C^^^^ mutant (JE2 AthyA complemented with empty vector pNXRlOO) were analyzed under 
different conditions: in BHI, in BHI and thymidine, in BHI and TMP-SMX, and in BHI, TMP-SMX, and thymidine. Quantification of expression of nupC, carA, 
pyrB, and purlin late exponential growth phase. The data (means ± standard errors of the means [ SEM] ) were normalized using three internal control genes 
igtnk, aroE, gyrB) and expressed as f!-fold expression relative to the values of the wild- type phenotype. The analysis is based on 3 independent biological replicates 
analyzed in triplicate. 



described (19). These SCVs were disturbed in stringent response 
due to point mutations in relA after treatment by different antibi- 
otics, resulting in increased resistance to linezolid (19). In combi- 
nation with our results, we conclude that point mutations occur- 



ring in distinct genes play an important role for the adaptation of 
S. aureus to selective environments in vivo that facilitate persis- 
tence (62). 

Interestingly, reports have been published describing thymi- 
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FIG 6 S. aureus wild type (a) and nupC mutant (b) challenged with TMP- 
SMX in an agar disk diffusion experiment. The black arrow indicates the inhi- 
bition zone with tiny SCV-like colonies. Disk with 25 /j,g TMP-SMX were 
placed on a Columbia blood agar plate, and respective isolates were incubated 
for 24 h at 37°C. JE2 (S. aureus USA300 wild type) and NE544 (S. aureus nupC 
mutant of JE2) were kindly obtained through the Network on Antimicrobial 
Resistance in Staphylococcus aureus (NARSA) program. 

dine dependency in other species, such as Escherichia coli recov- 
ered from blood cultures or Salmonella isolated from stool sam- 
ples, indicating that thymidine dependency is not restricted to 
S. aureus but is a general phenomenon if infections are treated by 
TMP-SMX (63-65). 

In our study, we showed that TS was inactive in clinical TD- 
SCVs, that the constructed AthyA mutant resembled morpholog- 
ically clinical TD-SCVs, and that the expression of important vir- 
ulence regulators and genes was severely affected in the mutant 
compared to that of the wild type, explaining the decreased viru- 
lence in two acute infection models. Furthermore, we showed that 
NupC functions as the primary thymidine transporter in S. au- 
reus. In conclusion, our data elucidate the molecular mechanisms 
underlying TD-SCV phenotypes, which facilitate understanding 
of the clinical nature and importance of these special SCVs. 

MATERIALS AND METHODS 

Bacterial strains and plasmids. Strains and plasmids used in this study 
are listed in Table S2 in the supplemental material. S. aureus SHIOOO, a 
5!gi5-positive variant (rshU^) of S. aureus 8325-4 (32), was used to gener- 
ate the \thyA mutant. Clinical strain pairs of S. aureus, consisting of 
TD-SCVs and the respective isogenic normal phenotype, were isolated 
from airway secretions of CF patients. The clonality of the strains was 
confirmed by spa typing (66). 

Media and growth conditions. For cultivation of S. aureus, tryptic soy 
agar (TSA; BD, Heidelberg, Germany), Columbia blood agar (BD), 
Mueller-Hinton agar (heipha MflUer GmbH, Eppelheim, Germany), 
brain heart infusion (BHI) broth (Merck, Darmstadt, Germany), 
chemical-defined medium, and Luria-Bertani (LB) broth (BD) were used. 
For cultivation of E. coli, LB broth and agar (BD) were used. Selection for 
resistance to antibiotics in E. coli or S. aureus was performed with ampi- 



cUlin (100 p,g/ml), erythromycin (2.5 /j,g/ml), and chloramphenicol 
(10 /ig/ml) (AppliChem GmbH, Darmstadt, Germany). 

DNA manipulations. Manipulations were performed according to 
standard procedures. S. aureus cells were lysed with lysostaphin (WAK 
Chemie Medical GmBH, Steinbach/Ts, Germany). Chromosomal DNA 
was prepared using the PrestoSpin D kit (Molzym GmbH & Co. KG, 
Bremen, Germany). Plasmid DNA was purified using the Qiagen plasmid 
kit (Qiagen, HUden, Germany). DNA fragments were isolated from aga- 
rose gels using the Perfectprep gel cleanup kit (Eppendorf AG, Hamburg, 
Germany). AH constructed strains were verified by sequencing analysis of 
the manipulated DNA regions at Eurofins MWG Operon (Martinsried, 
Germany). 

TS activity assay. A modification of the method of the spectrophoto- 
metric assay of Wahba and Friedkin (31) was used to determine the activ- 
ity of TS. The assay follows the conversion of AP,JV'"-methylene tetrahy- 
drofolate (mTHF) to dihydrofolate (DHF) at 340 nm. The reaction buffer 
consists of 50 mM TES [N-Tris(hydroxymethyl) methyl-2- 
aminoethanesulfonic acid], 25 mM MgClj, 1 mM EDTA, and 150 /aM 
j3-mercaptoethanol. The assay was performed in a 96-weU flat-bottom 
microliter plate in a volume of 300 pi. Totals of 250 fxM mTHF, 250 fxM 
DHF, and 480 ng protein were used to determine the specific activity. 

Construction of a XthyA mutant and the complemented mutant in 
S. aureus SHIOOO and JE2. (i) Amplification of thyA. The upstream and 
downstream regions as well as the thyA gene from chromosomal DNA of 
S. aureus strain 8325-4 were amplified by PGR. The erythromycin resis- 
tance cassette ermB was amplified from the plasmid pEC4 (14). The oli- 
gonucleotide primers are listed in Table S3 in the supplemental material. 
PGRs were analyzed by agarose gel electrophoresis, and, if indicated, PGR 
products were purified by Qiagen PGR purification kit (Qiagen GmbH, 
Hilden, Germany) or gel purified with the Perfectprep gel cleanup kit 
(Eppendorf AG, Hamburg, Germany). 

(ii) Construction of the shuttle vectors for gene replacement and 
complementation. The upstream and downstream regions of thyA flank- 
ing the erythromycin resistance cassette ermB were cloned into the shuttle 
vector pBT9, which carries a temperature-sensitive replicon for staphylo- 
cocci, generating pBT'9-thyA::erntB. The thyA gene for complementation 
was cloned into the E. coli/S. aureus shuttle vector pNXRlOO (unpub- 
lished, kindly provided by M. Grundmeier), which constitutively ex- 
presses the insert, generating pNXRlOO-thyA. 

(iii) Inactivation of thyA. For construction of a thyA replacement 
mutant, S. aureus SHIOOO {pB'T9-thyA::ermB) was cultivated overnight in 
LB medium in the presence of erythromycin (10 fj,g/ml) and chloram- 
phenicol (10 p,g/ml) with shaking at 30°C. The overnight culture was 
diluted (1:1,000) in fresh LB medium containing erythromycin and 
grown at 42°C overnight. This overnight culture was subsequently diluted 
(1:1,000) in fresh LB medium containing erythromycin and grown at 
42°C for 48 h. Finally, this culture was diluted (1:1,000) in LB medium 
without antibiotics and grown at 42°C for 24 h. Various dilutions from 
this culture were incubated on Columbia blood agar plates at 37°C for 
48 h. Mutants were selected, which appeared normal on Columbia blood 
agar containing 100 /ig/ml thymidine and as SCVs on Columbia blood 
agar with erythromycin (10 /xg/ml) but not with chloramphenicol or on 
MH agar. Mutants were verified by restriction analysis, PGR amplifica- 
tion, and sequencing. The thyA mutation was transduced to S. aureus 
USA300 (JE2) as described earlier (37). 

Growth curve analysis. For the growth curve analysis, cultures were 
grown in BHI broth with and without adding thymidine (100 p,g/ml) at 
37°C on a rotary shaker at 160 rpm. The generation time was calculated by 
the division of the time interval in minutes by 3.3, multiplied by the 
logarithm of the difference of the number of bacteria at the end and the 
beginning of the time interval. 

RNA extraction and relative quantitative real-time PGR. For the 
RNA extraction from bacterial cultures, a combination of RNAprotect 
bacteria reagent (Qiagen, Hilden, Germany), RNAiso (Segenetic, Borken, 
Germany), the RNeasy minikit (Qiagen), and lysing matrix B (MP Bio- 
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FIG 7 Virulence of the SHIOOO wild type, the AthyA mutant, and the complemented mutant, (a) Caenorhabditis elegans infection model. The wild type, AthyA 
mutant, and complemented mutant (AthyA-C) were streaked on TA plates, and C. elegans was placed on the plates to assess virulence of the strains by 
enumeration of surviving nematodes after 24 h, 48 h, 72 h, and 96 h. (b) Acute murine pneumonia model. Cumulative survival rate after infection of C57B1/6 mice 
with S. aureus. Mice were infected with 5 X 10" CFU/lung with the SHIOOO wild type, the AthyA mutant, and the complemented mutant and monitored for 
mortality over 1 weel<. Mortality of mice infected with the wild type was significantly greater than that for the AthyA mutant and the complemented mutant. 
Significant differences were detected also between wild type and complemented mutant. The asterisks indicate statistical significance by log rank (Mantel-Cox) 
test. *, P< 0.05; **, P < 0.01; ***,P< 0.001 (n = 9 mice), (c) Murine lung histology and localization of S. aureus. Mice were infected with 5 X 10** CFU/lung with 
the SHIOOO wild type, the AthyA mutant, and the complemented mutant [AthyA-C). Lungs recovered after 4 h (A to C, F to H) or 24 h (D, E, I, J) postinfection. 
The lungs were stained with H&E (A to E) or with a specific antibody against S. aureus strains (red). Counterstaining was performed with 4',6-diamidino-2- 
phenylindole (DAPI) (blue). Bars in panels A to E, 200 /j,m (top) and 50 fim (bottom); bars in panels F to J, 100 /j,m (top) and 25 /j,m (bottom). 



medicals, Heidelberg, Germany) was used. Cells were mechanically dis- 
rupted by a Fast Prep FP120 instrument (MP Biomedicals, Heidelberg, 
Germany). RNA quality was verified by a Bioanalyzer. For the relative 
quantitative real-time PGR (qRT-PCR), cDNA was synthesized from 2 fjLg 
of RNA using the QuantiTect reverse transcription kit (Qiagen) by fol- 
lowing the instructions of the manufacturer. Real-time amplification was 
conducted using specific primers (see Table S3) and was carried out on an 
iCycler iQ real-time PGR system (Bio-Rad, Hercules, GA, USA) by using 
the qPGR EvaGreen Mastermix (Segenetic). The levels of mRNA expres- 
sion of analyzed genes were normalized against the expression of the DNA 
gyrase subunit B (gyrB), guanylate kinase (gmk), and shiklmate dehydro- 
genase (aroE) internal control genes, which are housekeeping genes suc- 
cessfully used for qRT-PGR. The transcript quantities are expressed as 
changes (n-fold) relative to the values of the internal control. 

Microarray experiments. Gene expression profiling was performed 
using Affymetrix GeneGhip S. aureus genome arrays (Affymetrix United 
Kingdom Ltd., High Wycombe, United Kingdom) containing probe sets 
for over 3,300 open reading frames based on sequence information from 



four S. aureus strains. Bacterial strains were grown in BHI broth at 37°G on 
a rotary shaker at 160 rpm. For each investigated time point (early expo- 
nential, late exponential, stationary phase), three biological replicates 
were analyzed. RNA was isolated at 2 h, 6 h, and 9 h for the wild type and 
at 4 h, 9 h, and 12 h for the AthyA mutant. Total RNA was isolated as 
described above. RNA quantity and quality were determined by measure- 
ment of concentration with absorbance at 260 and 280 nm (NanoDrop 
2000c; Thermo, Fisher Scientific, Bonn, Germany) and by means of an 
Agilent 2100 Bioanalyzer with an RNA 6000 Nano kit and 2100 Expert 
software (version B.02.07) (all Agilent Technologies Deutschland GmbH, 
Boeblingen, Germany) at Integrated Functional Genomics (Miinster, 
Germany) . Microarray processing was performed as recommended by the 
manufacturer. For microarray data analysis, the Partek Genomic Suite 
(Partek Inc., St. Louis, MO, USA) was used. The robust multiarray aver- 
aging method was applied for background correction, normalization, and 
probe summarization. Gene expression differences were determined by 
applying an analysis of variance (ANOVA) . Only genes with a fold change 
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FIG 8 Cytotoxicity and virulence gene regulation under different conditions. Wild type (JE2), /^thyA mutant {JE2 AthyA mutant), AthyA-C mutant (JE2 \thyA 
pNXR thyA complemented mutant), and At/iyA-C^^pty (JE2 /^thyA complemented with empty vector pNXRlOO) were analyzed under different conditions: in 
BHI, in BHI and thymidine, in BHI and TMP-SMX, and in BHI, TMP-SMX, and thymidine, (a) The supernatant of the respective strains was used to challenge 
A549 cells. LDH release was determined to assess cytotoxicity. The data (means ± standard deviations [SD|) were normalized against the positive control 
(completely lysed cells) and were performed in 3 biological triplicates. *** indicate statistical significant differences (P < 0.0001) tested by unpaired t test, (b) 
Quantification of expression of hid in late exponential growth phase. The data (means ± SEM) were normalized using three internal control genes {gmk, aroE, 
gyrB) and presented as )i-fold expression relative to the values of the wild-type phenotype. The analysis is based on 3 independent biological replicates analyzed 
in triplicate. 



of >2.5 and a P value of S0.05 were regarded as significantly changed in 
expression. 

Antibiotic susceptibility testing. Susceptibility against TMP-SMX 
was tested by agar diffusion with TMP-SMX disks (A.B. Biodisk, Solna, 
Sweden) and TMP-SMX E test strips (A.B. Biodisk, Solna, Sweden) on 
Mueller-Hinton agar or Columbia blood agar for the t^thyA mutant, 
which does not grow on media lacking thymidine. 

Transmission electron microscopy. Samples were prepared for ultra- 
structure analysis as described previously (27). Ultrathin sections were 
visualized on a transmission electron microscope (Philips EM20I) 
equipped with a digital imaging system (DITABIS, Pforzheim, Germany) . 

Caenorhabditis elegans spotted-lawn killing assay. Bristol N2 C. el- 
egans nematodes were maintained at 20°C on nematode growth medium 
plates seeded with E. coli strain OP50 as a food source. For the killing assay, 
35 /il (50 /il for SCVs and E. coli OP50) of 20-h cultures grown in BHI 
(when indicated supplemented by 10 p-g/ml chloramphenicol, 2.5 /ig/ml 
erythromycin, or 100 /J.g/ml ampiciUin) was spotted onto the middle of a 
tryptic soy agar (TA) plate containing 1 5 p-g/ml polymyxin A/B (diameter, 
3.5 cm) with 25 C. elegans individuals preferentially from larval stage 4 or 
young adults. For the AthyA mutant, the cultures were 3X concentrated 
by centrifugation. After 48 h, the surviving nematodes were transferred to 
new plates to make sure that progeny did not adulterate the results. The 
quantity of survivors was counted every 24 h for at least 96 h. 

Mice. C57BL/6NCrlBR male mice 20 to 22 g were obtained from 
Charles River Laboratories, Italy. Animal studies were conducted accord- 
ing to protocols approved by the San Raffaele Scientific Institute (MUan, 
Italy) Institutional Animal Care and Use Committee (lACUC) and ad- 



hered strictly to the Italian Ministry of Health guidelines for the use and 
care of experimental animals. 

Acute pneumonia mouse model. Prior to animal experiments, nor- 
mal strains were grown for 3 h and the AthyA mutant for 6 h to reach the 
exponential growth phase. Subsequently, the bacteria were pelleted by 
centrifugation (2,700 X g, 15 min) and washed twice with sterile 
phosphate-buffered saline (PBS), and the optical density (OD) of the 
bacterial suspension was adjusted by spectrophotometry at 600 nm. The 
intended number of CFU was extrapolated from a standard growth curve. 
Appropriate dilutions with sterile PBS were made to prepare the inocu- 
lum of 10'" CFU/ml. Mice were anesthetized and the tracheae were di- 
rectly visualized by a ventral midline incision, exposed, and intubated 
with a sterile, flexible 22-guage needle attached to a 1-ml syringe. A 50-fj,l 
inoculum of 5 X 10** CFU was implanted via the needle into the lung, with 
both lobes inoculated. After infection, mortality was monitored in one 
group of mice (/i = 9) over I week. In the remaining mice, murine lungs 
were excised, homogenized, and plated onto TSA plates for CFU count- 
ing. 

Histological examination and immunofluorescence. Mice were sac- 
rificed by CO2 administration after 4 h and 24 h of infection. Lungs were 
removed en bloc and fixed in 10% buffered formalin at 4°C for 24 h and 
processed for paraffin embedding. Longitudinal sections of 5 mm taken at 
regular intervals were obtained using a microtome from the proximal, 
medial, and distal lung regions. Sections were stained with hematoxylin 
and eosin (H&E) according to standard procedures. Immunofluores- 
cence localization of S. aureus was performed in deparaffinized lung sec- 
tions by indirect immunofluorescence, using a polyclonal rabbit antibody 
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specific for S. aureus, kindly provided by M. Hussain, and Texas Red- 
labeled goat anti-rabbit IgG. The slides were examined with Axioplan2 
(Zeiss, Jena, Germany) with AxioCam provided with the charge-coupled- 
device (CCD) MRc5 (Zeiss). 

LDH release assay. A549 cells were seeded into 96-well cell culture 
plates (4 X lO* cells/well). Medium of confluent monolayers was replaced 
by infection medium, and cells were challenged with 10 /j,l of sterile S. au- 
reus culture supernatants. After incubation for 8 h, cellular release of LDH 
was determined using the CytoTox nonradioactive cytotoxicity assay 
(Promega). Briefly, A549 culture supernatants were incubated for 15 min 
with an equal amount of substrate mix. After addition of stop solution, 
absorbance was measured at 490 nm. 

Statistical analysis. Statistical analyses for the in vivo experiments 
were performed by log rank (Mantel-Cox) test. A P value of <0.05 was 
considered significant. 

Microarray data accession number. The microarray data have been 
deposited in NCBI's Gene Expression Omnibus (67) and are accessible 
through GEO series accession number GSE47406. 

SUPPLEMENTAL MATERIAL 

Supplemental material for this article may be found at http://mbio.asm.org/ 
lookup/suppl/doi: 10. 1 128/mBio.0 1447- 14/-/DCSupplemental. 

Table Si, DOCX file, 0.1 MB. 

Table S2, DOCX file, 0.1 MB. 

Table S3, DOCX file, 0.1 MB. 
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